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Abstract: Models of average Galactic chemical abundances are in good general agreement with ob- 
servations for [Fe/H] > —1.5, but there are gross discrepancies at lower metallicities. Only massive 
stars contribute to the chemical evolution of the "juvenile universe" corresponding to [Fe/H] < — 1.5. 
If Type II supernovae (SNe II) are the only relevant sources, then the abundances in the interstellar 
medium of the juvenile epoch are simply the sum of different SN II contributions. Both low-mass 
(~ 8-11 Mq) and normal (~ 12-25 M0) SNe II produce neutron stars, which have intense neutrino- 
driven winds in their nascent stages. These winds produce elements such as Sr, Y, and Zr through 
charged-particle reactions (CPR). Such elements are often called the "light r-process elements," but 
are considered here as products of CPR and not the r-process. The observed absence of production of 
the low-A elements (Na through Zn including Fe) when the true r-process elements (Ba and above) are 
produced requires that only low-mass SNe II be the site if the r-process occurs in SNe II. Normal SNe II 
produce the CPR elements in addition to the \ow-A elements. This results in a two-component model 
that is quantitatively successful in explaining the abundances of all elements relative to hydrogen for 
— 3£[Fe/II]< — 1.5. This model explicitly predicts that [Sr/Fe] > —0.32. Recent observations show 
that there are stars with [Sr/Fe] < — 2 and [Fe/H] < —3. This proves that the two-component model 
is not correct and that a third component is necessary to explain the observations. The production 
of CPR elements associated with the formation of neutron stars requires that the third component 
must be massive stars ending as black holes. It is concluded that stars of ~ 25-50 Mq (possibly up 
to ~ 100 M0) are the appropriate candidates. These produce hypernovae (HNe) that have very high 
Fe yields and are observed today. Stars of ~ 140-260 Mq are completely disrupted upon explosion. 
However, they produce an abundance pattern greatly deficient in elements of odd atomic numbers, 
which is not observed, and therefore, they are not considered as a source here. Using a Salpeter initial 
mass function, it is shown that HNe are a source of Fe that far outweighs normal SNe II, with the 
former and the latter contributing ~ 24% and ~ 9% of the solar Fe abundance, respectively. It follows 
that the usual assignment of ~ 1/3 of the solar Fe abundance to normal SNe II is not correct. This 
leads to a simple three-component model including low-mass and normal SNe II and HNe, which gives 
a good description of essentially all the data for stars with [Fe/H] < — 1.5. We conclude that HNe are 
more important than normal SNe II in the chemical evolution of the \ow-A elements from Na through 
Zn (including Fe), in sharp distinction to earlier models. 
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I Introduction 

The problem of the "chemical evolution of the Galaxy" 
has attracted many workers over the last several decades. 
The models that seek to address this evolution are, 
for the most part, focused on contributions from Type 

II supernovae (SNe II), SNe la, and asymptotic giant 
branch (AGB) stars. The problem is complex as it de- 
pends on the elemental yields of all the diverse sources. 
For example, both the "weak" and "main" s-process 
aspects as well as the r-process contributions must 
be included in such calculations i n order to treat th e 
neutron-capture elements (e.g., Travaglio e t al.. 2004 ). 
The complication also comes from the large uncertain- 
ties in the frequencies of occurrence for the sources 
and the problem of mixing, which may be local or be- 
tween different regions of the Galaxy (e.g., disk and 



halo). The results from these chemical evolution stud- 
ies, while very model dependent, give a good descrip- 
tion of the general average abundance patterns as a 
function of [Fe/H] = log(Fe/H) - log(Fe/H)Q for disk 
stars. The results from one su ch study are shown i n 
Figure[T] (taken from Figure 5 in lTravaglio et al ] |2004l ). 
As can be seen, the solid and dashed curves give a 
good description of the evolution of [Ba/Fe], [Eu/Fe], 
and [Ba/Eu] for stars with [Fe/H] > —1.5 in the thin 
and thick disk, respectively. The thick solid curves in 
the top two panels showing only the s-process contri- 
butions to Ba and Eu indicate that the onset of major 
s-process contributions is at [Fe/H] ~ — 1 and that the 
s-process contributes very little Eu. 

The analyses illustrated in Figure [T] are for "av- 
erage abundances" and do not predict the abundance 
(E/H) of element E relative to hydrogen in an indi- 



1 



2 



Publications of tlie Astronomical Society of Australia 



vidual star. Inspection of Figure [T] shows that this 
description of abundances fails for [Fe/H] < — 1.5, the 
regime of which represents the "halo" phase in the in- 
terconnected evolution of the disk and the halo (see the 
dotted curves in Figure [TJ. It is this regime that is the 
focus of our interest. We consider that [Fe/H] < — 1.5 
corresponds to a "juvenile" universe. It will be shown 
that data in this juvenile regime with far fewer con- 
tributing stellar sources lead to a clearer understand- 
ing of the nature and types of these sources in spite 
of the very large discrepancies between the model of 
average abundances and the data shown in Figure [T] 




Figure 1: Comparison of the results from a Galac- 
tic chemical evolution model with the data on 



, and [Ba/Eul vs. [F e/H] (taken 
Travaglioet"al]|2004 see that ref- 



[Ba/Fe], [Eu/Fe 
from Figure 5 in 
erence for the data sources. Reproduced by per- 
mission of the AAS). The solid, dashed, and dot- 
ted curves shovi/ the evolution of [Ba/Fe], [Eu/Fe], 
and [Ba/Eu] with [Fe/H] for stars in the thin disk, 
thick disk, and halo, respectively. The s-process 
contributions to Ba and Eu are shown by the thick 
solid curves in the top two panels. The regime of 
[Fe/H] < — 1.5 is taken to represent the "juvenile" 
universe. 



In all of the Galactic chemical evolution (GCE) 
studies, success in reproducing the solar abundances is 
taken as a measure of validity of the approach. When 
an element receives contributions from multiple sources, 
to correctly account for its solar abundance requires 



the identification of all the important sources and the 
calculation of the relative contributions of these sources. 
In this case, failure to include all the relevant sources 
results in erroneous attribution to the sources that 
are included in the GCE model to reproduce the so- 
lar abundances. When the contributing stellar sources 
evolve on very different timescales, observations cover- 
ing a wide range of [Fe/H] can help in estimating the 
relative importance of these sources. For example, Fe 
production in SNe II associated with rapidly-evolving 
massive stars and in SNe la associated with slowly- 
evolving low-mass stars is well established by both ob- 
servation and theory. In contrast, O is produced in 
SNe II but not in SNe la. As a result, there is a general 
trend for [O/Fe] to decrease a s [Fe/H] increases. Using 
the da ta on [O/Fe] vs. [Fe/H]. [Timmes. Wooslev. fc Weavej 
(| 19951 ) estimated that ~ 1/3 to 1/2 of the solar Fe 
abundance is produced by SNe II. However, it will 
be shown that this attribution to SNe II is far too 
large and that another massive stellar source for Fe and 
other elements of "low" mass numbers (low-A elements 
from Na through Zn including Fe with mass numbers 
A ~ 23-70) is in play. It will be shown that the effects 
of this additional source cannot be discerned based on 
timescales for stellar evolution alone, but are exhibited 
by the data on three groups of elements represented by 
Fe, Sr, and Ba, respectively, for metal-poor stars with 
[Fe/H] < — 1.5 formed in the juvenile universe. 

The increase of [Fe/H] is usually taken as a mea- 
sure of the passage of time. However, very low [Fe/H] 
values cannot give precise timing for the chemical en- 
richment but only indicate an early epoch during which 
few enrichment events occurred in a local region. It 
is widely recognized that metal-poor stars, especially 
those with [Fe/H] < — 3, sample grossly inhomoge- 
neous mixtures of the products from various massive 
stellar sources. This inhomogeneity is clearly demon- 
strated by the large scatter of > 2 dex in [Ba/Fe] and 
[Eu/Fe] at [Fe/H] ~ —3 in contrast to the reasonably 
well-defined trends at [Fe/H] > —1.5 shown in Fig- 
ure [T] The same conclusion is also reached from the 
data on [Sr/Fe], [Y/Fe], and [Zr/Fe] v s. [Fe/H] shown 
in Fi gure [5] (taken from Figure 4 in iTravaglio et al.l 
l2004l l . In particular, there is wide scatter in [Sr/Fe] 
at any specific [Fe/H] for -4 < [Fe/H] < - 3. Clearly, 
to account for the scatter shown in Figures [T] and [5] 
requires multiple massive stellar sources with greatly- 
varying yields of Sr, Y, Zr, Ba, and Eu relative to Fe. 
It will be shown that some elements such as Ba and Eu 
are never co-produced with Fe and others such as Sr, 
Y, and Zr are produced sometimes with and sometimes 
without Fe. 

Professor Roberto Gallino has persistently empha- 
sized that understanding the production of Sr, Y and 
Zr is a key to understanding the evolution of the el- 
ements. Their possible origin in the r-process and s- 
process is problematic. We have followed Roberto's 
guidance in this important problem, but not in a di- 
rection that he would approve, and report our findings 
here. The purpose is to make certain that his blood 
pressure is kept sufficiently elevated to support his "vi- 
tal signs" over the next two decades. Rather than us- 
ing estimates of elemental yields from stellar models, 
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Figure 2: Data on [Sr/Fe], [Y/ Fe], and [Zr/Fe] 
vs. [F e/H] (taken from Figure 4 in lTravaglio at all 
120041 : see that reference for the data sources. Re- 
produced by permission of the AAS). Note the 
wide scatter of data for [Fe/H] < — 1.5, especially 
for [Fe/H] < - 3. 



we focus on the observed abundances at low metal- 
licities where contributions to the interstellar medium 
(ISM) from SNe la and AGB stars should be small and 
the dominant contributions come from massive stars 
with short lifetimes. Our approach is to use the ele- 
mental abundances observed in metal-poor stars as a 
guide to the stellar sources of nuclei, in particular Sr, 
Y, and Zr, as well as Fe, Ba, and Eu. The abundances 
of these elements observed in selected stars are used 
as the templates of nucleosynthesis for the identified 
sources. Before we present our latest results, we give 
a brief review of some earlier works in connection with 
or parallel to this approach. 

2 Review of earlier works 

Since the seminal works o fHurbidieetaD (jl957D and 
ICameronI (| 19571 ). elements heavier than the Fe group 
have been considered as produced predominantly by 
the r-process and s-process. The solar abundances, 
which are largely based on measurements of isotopic 
and chemical abundances in meteorites, are the ob- 
servational basis for de-convoluting the r-process and 
s-process components in the "bulk solar" abundance 



data. The net solar abundance of an element E is 

Nq{E) = NQ,r{E) + Nq.s{E), (1) 

where Y0,r(E) and YQ,r(E) are the contributions from 
the r-process and s-process, respectively. The s-process 
contributions (s-contributions) have been studied by 
many workers. This allows the r-contributions to be 
inferred by subtracting t he s-contributions from the 
net s o lar abundances (e.g.. | Kappeler. Beer, fc WisshakI 
Il989l : lArlandini et~aLl Il999l ). In cases where the s- 
contributions are large or dominate, there is consider- 
able uncertainty in inferring the r-contributions. This 
is true for Sr,Y, Zr, and Ba. Recent advances in the 
study of the s-process have been largely due to the 
exquisite experimental work on neutron-capture cross 
sections at stellar energies by F. Kappeler and his col- 
leagues at Karlsruhe and to the thorough and deep 
analyses of the s-process in AGB stars (with assump- 
tions about the "^^C pocket" as the neutron source) 
by R. Gallino and his colleagues at Torino [see e.g., 
iBusso. Gallino. fc W asscrburg (1999) for a review]. 

The matter of r-contributions is particularly ill- 
defined as the "r-process" site is assigned to SNe II 
but models have not succeeded in finding a suitable 
stellar environment with adequate neutron flux. It was 
anticipated that the right conditions for the r-process 
would be found in the n eutrino-driven winds from a 
nascent neutron star fe.g.. lWooslev et al.lll994f ). but at 
presen t, this approach is without success [see e.g.. lQianl 
(|2003l ) for a review]. Parametrized models assuming 
an adequate neutron source are capable of fitting the 
inferred solar r-process abundance pattern [solar r- 
pattcrn, see e.g., iKratz ot al. ( 199ll: iMever fc Browiil 
(19971'): IFreiburghaus et all (|1999i 'l]. These approaches 
calculate, in some detail, the relative r-process yields 
and loosely associate them with SNe II resulting from 
core collapse. However, such models are without a di- 
rect consequential relationship to stellar evolution and 
explosion. In particular, there is no basis in such calcu- 
lations for the decoupling of the "heavy" r-process ele- 
ments (r-elements) such as Ba and Eu from the low-A 
elements such as Fe (see below). Similar parametrized 
calculations were also performed to fit th e abundances 
of the r-elements in metal -poor stars (e.g.. lMontes et ahl 
200';^: iFarouai et al.|[2009l ). 

New insights into the r-process were gotten from 
investigation of short-lived nuclei in the early solar sys- 
tem. Both 12^1 and ^^^Hf are produced predominantly 
by the r-process and their lifetimes are similar. The 
discrepancy found between their abundances in mete- 
orites led to the proposal bv lWasserburg. Busso. fc Gallinol 
(1996) that there was not "an r-process" but that there 
had to be two (or more) r-processes to explain the me- 
teoritic data. These workers proposed that the sites 
for producing the "heavy" and "light" r-elements with 
A > 130 and A < 130, respectively, were different, with 
the source (H) for heavy r-elements occurring at a 
high frequency and that (L) for the light ones at a 
low frequency. Further, they predicted that, at low 
metallicities where fewer sources might contribute to 
the ISM from which stars formed, the relative abun- 
dances of heavy and light r-elements should show a 
scatter. This model of diverse r-process sources was 
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extensively developed by [q lan fc Wasserbur3 (|2000l ) 
with the H source predicted to have a very low yield 
ratio of light r- elements relat i ve to the heavy ones. 
It was found by ISneden et all (|2000l ) that the abun- 
dance of the light r-element Ag relative to the heavy 
r-element Eu in the ultra-metal-poor star CS 22892- 
052 was significantly lower compared with the solar 
r-pattern, but not ne arly as low as initial l y pred icted 
for the H source bv iQian fc Wasserbur j (|200d ) (see 
also lQian. Vogel. fc WasserburdllQgsf T 

The timescales for stellar evolution have been well 
established. It is clear that during the first ~ 10® yr af- 
ter the big bang, the stellar sources contributing to the 
ISM (and the intergalactic medium, IGM) must have 
masses of M > 3 Mq , and the dominant sources must 
be massive stars of M > 8 Mq with rapid evolutionary 
timescales of <^ yr. We define this domain as the 
juvenile universe and consider SNe II and other mas- 
sive stars as the major sources. Note that SNe la are 
associated with the evolution of low-mass stars in bina- 
ries and thus cannot have been major early polluters. 
Taking ~ 2/3 of the solar Fe abundance to be con- 
tributed by SNe la and the rest by all massive stellar 
sources over a period of ~ 10^" yr prior to the forma- 
tion of the solar system, we estimate that a metallicity 
of [Fe/H] - log(l/30) ~ -1.5 is reached by the end of 
the first ~ 10® yr. Thus the juvenile universe corre- 
sponds to [Fe/H] < — 1.5 (where the s-contributions 
from AGB stars to the ISM are also negligible; see Fig- 
ure [1} . This is precisely the region where the broad- 
brush GCE models have failed (see Figure [TJ . 

The main facts that are actually known about the 
juvenile universe are the observed abundances in metal- 
poor stars residing in the Galactic halo. The obser- 
vational studies of these stars have blossomed to pro- 
duce a considerable database of high-quality elemental 
abundances, which has been the guide to all advances 
in the field. In particular, the observational data show 
that the production of the heavy r-elements (Ba and 
above) are independent of the production of the low- A 
elements from Na through Zn including Fe (see Fig- 
ure [H}. This means that associating the r-process with 
SNe II requires that such SNe II cannot produce much 
Fe. This recognition led us to conclude that if the r- 
process occurs in S Ne II, the site must be low-mas s 
(~ 8-11 M0) SNe II (iQian fc Wasserburel[200l . l2003l ). 
Further, the data showed that the abundances of all 
heavy r-elements closely follow the solar r-pattern in 
general. Thus this pattern appears to be relatively ro- 
bust, although there are deviations in some cases. The 
above two observational facts are the basis of all our 
discussions. 

Using the available data and considering that the 
diversity of stellar sources must be quite restricted, 
efforts were made to identify th e yield templates of 
poten tial significant sources (e.g.. lQian fc Wasserburd 
l200ll . [2002). The paper tit led "A Model for Abun- 
dances in Metal- Poor Stars" IIQian fc Wasserburg|200lD 
argued that the elemental abundances relative to hy- 
drogen in metal-poor stars can be explained by two 
kinds of SNe II {H and L) and the "Population III" 
(Pop III) very massive stars (VMS), which were sup- 
posed to occur only in the earliest epochs and provided 
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Figure 3: Da ta on CS 31082-001 (asterisks; 
iHill et al.|[2003 ). HD 1 15444 (filled circles ), and 
HD 122563 (squares; IWestin et ail l2000t ) with 
[Fe/H] = -2.9, -2.99, and -2.74, respectively, 
(a) The values of loge(E) = log(E/H) + 12 for 
the elements from C through Ge. The data on 
CS 31082-001 are connected by solid hne segments 
as a guide. Note that the available abundances 
for the low-A elements from Na through Zn are 
almost indistinguishable for the three stars, (b) 
The log e values for the elements from Sr through 
Pt. The data for CS 31082-001 in the region to 
the left of the vertical line are again connected by 
solid line segments as a guide. In the region to the 
right of the vertical line, the data on the heavy r- 
elements are compared with the solid, dot-dashed, 
and dashed curves, w hich are the solar r-pattern 
( Arlandini et al.lll999[ ) translated to pass through 
the Eu data for CS 31082-001, HD 115444, and 
HD 122563, respectively. Note the general agree- 
ment between the data and the solid and dot- 
dashed curves. There is a range of ~ 2 dex in the 
abundances of the heavy r-elements for the three 
stars shown. Combined with their nearly identical 
abundances of the low-A elements, this shows that 
the production of the heavy r-elements is indepen- 
dent of the production of the low-A elements. 
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a "prompt inventory" (P-inventory) of metals. The 
yield templates of all three sources were obtained from 
the solar r-contributions and the abundances in two 
selected stars with [Fe/H] ~ —3 but with very differ- 
ent abundances of heavy r-elements. ft was found that 
a good match to the abundances of Sr, Y, Zr, and Ba 
(relative to hydrogen) could be obtained for many stars 
if the standard solar r-contributions of these elements 
were substantially increased. This suggested that it 
was necessary to revise the solar r-contributions, and 
hence the solar s-contributions, of Sr, Y, Zr, and Ba re- 

orted bv lKappeler. Beer, fc WisshakI (|l989h and lArlandini 

19991 '). 

A study on GCE of Sr, Y, and Zr bv lTravaeho et al.l 

(|2004l ') found that if data on metal-poor stars were in- 
cluded in the evolution calculation, then this required 
increases in the solar r-contributions of S r, Y, and Zr in 
quant itative accord with the results of ,Qian fc Wasserburgj 
(|200lh . These revised solar r-c ontributions are essen- 
tially what we use at present. iTravaglio et al.l (|2004l ) 
further proposed that some lighter element primary 
process (LEPP), possibly a variant of the r-process, 
had to exist as an additional source for Sr, Y, and Zr. 

The general approach taken by us is that stars 
are reliable adding machines operated by the diverse 
sources contributing to the ISM from which they formed. 
Ce rtain "rules" for the s tellar adding machines found 
bv i Qian fc Wasserburd (j200lf ) turned out to be mis- 
leading. There was an apparent sharp increase in abun- 
dances of heavy r-elements at [Fe/H] ~ —3. It was as- 
sumed that this metallicity represented a "baseline" 
enrich ment (the P-inventory) d ue to production by 
VMS IIQian fc Wasserburd I2OO2I ). It was shown later 
that this baseline enrichment could be reached rapidly 
through production by SNe II inside halos of sufficient 
mass that could grav itationally bind the SN II debris 
llUian fc Wasserburd [20041 . Thus there is no need for 
the P-inventory proposed earlier. 

As the field developed, we found that essentially all 
of the observed abundances for a large number of ele- 
ments (relative to hydrogen) in stars with —3 < [Fe/H] < — 
1.5 could be explained by a mixture of two compo- 
nents, H and L , with yield patterns take n from two 
template stars (|Qian fc Wasserburd l2007l ). The H- 
contributions are measured by the abundance of a heavy 
r-element such as Eu (or Ba) and the L-contributions 
by that of Fe. The study of r-process models in con- 
junction with the observational d ata on metal-poor 
stars also led iMontes et all lj2007t ) to the conclusion 
that a two-component model can explain the available 
data. These workers explored the possibility that a 
variant of the r-process co uld be the LEPP sourc e for 
Sr, Y, and Zr proposed bv iTravagho et al.l l|2004l '). 

The results of the two-component model led to 
some surprising conclusions: (1) the abundances of a 
large number of elements relative to hydrogen can be 
calculated with considerable reliability for essentially 
all stars with — 3< [Fe/H] < — 1.5 using the assumed 
H and L yield templates, (2) the production of heavy 
r-elements was decoupled from that of the low-A ele- 
ments from Na through Zn including Fe, and (3) the 
abundance patterns of the low-A elements were essen- 
tially the same for all stars with — 3 < [Fe/H] < — 1.5 



with only few exceptions. These rules led to the con- 
clusion that normal SNe II of ~ 12-25 Mq, which pro- 
duce Fe, cannot be the source for the heavy r-elements. 
This then restricted the possible source for these ele- 
ments to low-mass SNe II of ~ 8-11 Mp, with ve r y little 
Fe production [see e.g., iNing. Qian. fc Meveil ()2007l ) 
for such an r-process model]. Rule (3) was particularly 
surprising as the yields of SNe I I of different masses are 
know n to be quite variable (e.g.. lWooslev. Heger. fc Weaver] 
I2OO2I '). Hence, with few stellar sources contributing to 
a loc al ISM at very low [Fe/H], there should be sub- 
staal^ial scatter in the abundance patterns of the low- A 
elements in metal-poor stars. This is not the case in 
general. 

The matter was brought to sharp focus by the fol- 
lowing: (1) the assignment of the heavy r-elements to 
low-mass SNe II, (2) both low-mass and normal SNe II 
prod uce neutron stars as shown by theoretical models 
(e.g., lNomotd[l987l : IWooslev. Heger. fc WeaTOil l2002). 
(3) many of the so-called light r-elements such as Sr, 
Y, and Zr are readily produced in the neutrino-driven 
winds from nascent neutron stars fe.g.. lWooslev fc HoffmanI 
[I99J) and not in a true r-process, and (4) there was 
no sound basis for relating the high neutron fluxes 
required for production of the heavy r-elements to a 
neutrino-driven wind directly. This then provided qual- 
itative justification for taking the relative yields of the 
light to heavy r-elements for the H source (low-mass 
SNe II) and those of the light r-elements to Fe for 
the L source (normal SNe II) from the abundances 
in two template stars. The so-called light r-elements 
such as Sr, Y, and Zr are now specifically attributed 
to charged-particle reactions (CPR) in the neutrino- 
driven winds and thus are not considered to be true 
r-process elements. The sources proposed for the two- 
component model are summarized in Table [1] 



Table 1: Two-Component Model 





low-^ 
elements 


CPR 
elements 


heavy 
r-elements 


low-mass 


no 


yes 


yes 


SNe II (H) 








normal 


yes 


yes 


no 


SNe II (L) 









The two-component model had clear predictions 
about the possible value s of [Sr/Fe], [Y/Fe], a.nd [Zr /Fe] 
that could be observed IIQian fc Wasserburdl2007t ). In 
particular, as normal SNe II (L) produce both Sr and 
Fe while low-mass SNe II (H) produce Sr but no Fe 
(see Table [T|, the lowest value of Sr/Fe predicted by 
this model is fixed by the yield ratio (Sr/Fe)L for nor- 
mal SNe II. This lower limit is [Sr/Fe] > -0.32. Us- 
ing the H and L yield templates, the abundances of 
all elements in any star with [Fe/H] < — 1.5 can be 
calculated from the observed abundances of an heavy 
r-element such as Eu (or Ba) and a low-A element 
such as Fe. This model led to excellent predictions for 
many stars with — 3< [Fe/H] < — 1.5. However, more 
extensive data at [Fe/H] < —3 showed that there was 
a clear violation of the lower limit on [Sr/Fe]. It is the 
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failure of this prediction by the two-component model 
that has led to a clearer view of the contributors to 
the chemical evolution of both the juvenile universe 
and the subsequent epoch. It will be shown that mas- 
sive stars of ~ 25-50 M0 (possibly up to 100 Mq) 
are very important players throughout the history of 
the universe. This is the focus of the present work. 



3 Three-component model 



The high-res olution (e.g., Johnson & Boltc 2002; Hond a et 
2004l : lAoki et al. 2005; Francoi s et al. 200 7; Cohen ct al] 



200s ) and medium-resolution (|Barklem et al.l2005l ) ob- 



servations of elemental abundances in a large number 
of low-metallicity stars in t he Galactic halo [and a sin- 
gle st ar in a dwarf galaxy l|Fulbright. Rich, fc Castrol 
l2004l l] now provide a data base for determining the na- 
ture of the stellar sources contributing to the ISM/IGM 
at metallicities of —5.5 < [Fe/H] < — 1.5. These data 
taken in conjunction with stellar models appear to 
define the massive stars active in the juvenile uni- 
verse. This changes our views of what may be Pop 
III stars and what stellar types are continuing contrib- 
utors through the present epoch. 

As mentioned in Section 2, the two-component model 
pre dicts [Sr/Fe] > -0.32 for al l stars with [Fe/H] < - 
1.5 (|Q.ian fc Wasserburd I2OO7I ) . This rule appears to 
be well followed for [Fe/H] > —3. However, a serious 
problem with this model arises below [Fe/H] ~ —3. In 
this domain the extended database shows that there 
is a gross deficiency of Sr (and other CPR elements) 
relative to Fe (see Figure UK) • It follows that a third 
component in addition to low-mass and normal SNe 
II is required to account for all the abundance data. 
Further, if Sr, Y, and Zr are CPR nuclei, then this 
third component must be a massive stellar source of 
Fe leaving behind a black hole instead of a neutron 
star that can produce the CPR nuclei in the neutrino- 
driven winds. 

The effects of all three stellar sources are most 
clearly seen if we consider the relationship of Sr (a 
CPR element in our model) in conjunction with Ba (a 
true r-element at low metallicities) and Fe. Using the 
yield ratios (Sr/Ba)_r/ of the H source (low-mass SNe 
II) and (Sr/Fe)i:, of the L source (normal SNe II) we 
obtain: 



(l)^©»(t)-(l).(t)/- 



(2) 



where /po,l is the fraction of Fe from the L source (the 
two-component model corresponds to /pe,L = 1). The 
above equation can be rewritten as: 



[Sr/Fe] = log (lO 



[Sr/Ba]j:j + [Ba/Fol 



X 10 



[Sr/Fe] 



(3) 

The evolution of [Sr/Fe] with [Ba/Fe] for the high- 
resolution data shown in Figure UK is exhibited in Fig- 
ure |4Jd along with the curves representing Equation ([3]l 
for /fo,l = 0, 0.1, 0.5, and 1 (using [Sr/Ba]^ = -0.31 
and [Sr/Fe]i = —0.32). Similar results are found for 
the medium-resolution data. While there appears to 
be a clustering of data in the neighborhood of /fc.l ~ 1 



ii|iiiiiiiii|iiiiiiiii|iiiiiiiii|iiiiiiiii|iiiiiiiii|iiiiiiiii|iiiiiiiii|iiiiiiiii|j 
-(a) 

o 




ii I I I I I I I ii 



-5.5 -5 -4.5 -4 -3.5 -3 -2.5 -2 -1.5 

[Fe/H] 




Figure 4: (a) High-resolution data on loge(Sr) 
vs. [Fe/H]. The solid line is calculated from the 
two-component model for a well- mixed ISM/IGM. 
Note that there is a great deficiency of Sr for 
many sample stars with [Fe/H] < — 3. It is evi- 
dent that a source producing Fe and no Sr is re- 
quired, (b) Evolution of [Sr/Fe] with [Ba/Fe] for 
the data shown in (a). The curves correspond to 
different fractions /pe.i of Fe due to the L source 
(normal SNe II). Note the data points lying on 
the /pe.L = curve and those above the /fc,l = 1 
curve. Details for these and the subsequent fig- 
ures as well as the data s ources can be found in 
iQian fc Wasserburel (I2008D . 
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corresponding to Fe contributions exclusively from the 
L source in Figure there is a substantial fraction 
of the data lying down to fpe.L = 0. This requires 
an Fe source not related to normal SNe II and clearly 
shows that the preponderance of the Fe in many sam- 
ple stars is from this third source that produces no 
Sr. Essentially the same results shown for [Sr/Fe] vs. 
[Ba/Fe] are found for [Y/Fe] vs. [La/Fe] and [Zr/Fe] 
vs. [Ba/Fe], where La and Ba are measures of the true 
r-contributions. These results clearly show that there 
are major contributions from the third source produc- 
ing Fe with no CPR elements and no r-nuclei. Thus, 
according to the neutrino-driven wind model for pro- 
duction of the CPR elements, this third source cannot 
be massive stars ending as neutron stars but those pro- 
ducing black holes. 

The matter at hand is: What is the nature of 
this third source? Consideration of the yields of VMS 
(~ 140-260 M0) associated with pair-instability SNe 
(PI-SNe) shows that these sources are characterized by 
strong deficiencies in the elements of odd atomic num- 
bers (e.g., Na, Al, K, Sc, V, Mn, Co). Ne ither the data 
from earlier studies by I Mc William et al.l {1995) nor the 
more precisely-dete rmined data from recent studies by 
ICavrel et al.l ()2004l ) on low-metallicity halo stars ex- 
hibit these deficiencies. It follows that PI-SNe cannot 
be the third source. A plausible candidate is hyper- 
novae (HNe) from progenitors of ~ 25-50 AIq . These 
stars are known to be active in the current epoch, al- 
though little attention has been paid to them in consid- 
eration of GCE. They have explosion energies far above 
those of low-mass and normal SNe II and are presumed 
to be associated with gamma-ray bursts. The yields 
of HNe are generally not well known, but the typical 
Fe yield inferred from observations is ~ 0.5 A^q, much 
higher than the yield of 0.07 Mp, f or normal SNe II 
(jTominaga. Umeda. fc Nomotoir2007l ). 

If we assume a Salpeter initial mass function (IMF) 
for massive stars of ~ 8-50 Mq , the relative rates are 
Rw : Rh ■■ Rl 0.36 : 0.96 : 1 for HNe, low-mass 
SNe II (H), and normal SNe II (L), respectively. Of 
the Fe contributed by massive stars to the ISM/IGM, 
the fraction from HNe is ~ 0.72. Thus HNe are the 
dominant Fe source at early epochs with contribu- 
tions far exceeding those of norm al SNe II. This seems 
to ex plain the earlier conundrum ijQian fc Wasserburd 
|2002| ) that the yield patterns for the low-^ elements 
from Na through Zn in stars at very low metallic- 
ities ([Fe/H] < —3) appear to be indistinguishable 
from what was attributed to normal SNe II at higher 
metallicities (see Figure [5]). This general regularity 
of abu ndance patterns was found by iMc William et al.l 
(Il995l) and shown more extensively and precisely by 
ICavrel et al.l (|2004l ). Figure [5] clearly shows that even 
for stars deficient in Sr, Y, or Zr, the abundance pat- 
terns for all the low-A elements are approximately con- 
stant. Thus the diverse normal SN II contributions 
cannot govern these abundance patterns. The corre- 
sponding abundances of the low- A elements must then 
refiect the dominant input to the ISM/IGM from HNe 
and not normal SNe II. 

It is now evident that the inventory of the low- 
A elements including Fe that we had attributed to 
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Figure 5: Data on the low- A elements from Na 
through Zn for stars with "pure" HN contributions 
(/pe.L = in Figure [4)d). For reference, the sohd 
curve represents the abundance pattern measured 
for a star with [Fe/H] = — 2, which was previously 
identified with the yield pattern of the low-A ele- 
ments for normal SNe II (L). There is no apparent 
difference between this pattern and the data points 
for stars with no normal SN II contributions. 



normal SNe II is in fact the mixture of HN and nor- 
mal SN II ejecta where the preponderant contribu- 
tions are from HNe. The stars that formed in the 
juvenile universe appear to have inherited the bulk of 
their low-A elements from the ISM where the domi- 
nant contributing source is HNe and not normal SNe 
II. Thus the previously-designated L source is not a 
pure SN II source but a blend of HNe and normal SNe 
II: L — L* + HNe, where L* represents normal SNe 
II. For the estimated yields and relative rates given 
above, it follows that the ~ 1/3 of the solar Fe inven- 
tory previously assigned to normal SNe II is in con- 
siderable error. Taking ~ 2/3 of the solar Fe inven- 
tory to be from SNe la, we find that of the remaining 
~ 1/3, ~ 24% is from HNe with only ~ 9% from nor- 
mal SNe II. Thus with the proper assignment of Fe 
contributions for the L blend with [Sr/Fe] 1, = —0.32, 
we obtain [Sr/Fe]L» = 0.3 for the L* source. Using 
the proper yield ratios for the L* source (see Table 3 
in [Qia n & Wasscrburg 2008) and equations similar to 
Equation we obtain the results shown in Figure [H] 
It is seen that the data for all the elements appear 
to be described very well by the three-component {H , 
L* , and HNe) model. We further note that the clump 
of data above the /pc,l ~ 1 curve in Figure [IJj are 
now absent in Figure [5^ with diminished Fe contribu- 
tion from normal SNe II. It is also important to note 
that as amply testifi ed to by gamma-ray bursts (e.g., 
iGalama" et al.lll998D . HNe are active in the present 
epoch. Consequently, it is evident that HNe have been 
ongoing major contributors to the chemical evolution 
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of the ISM/IGM during and beyond the early epochs. 
The steUar sources for the three-component model are 
summarized in Table [2] 



Table 2: Three-Component Model 





low- A 


CPR 


heavy 




elements 


elements 


r- elements 


low-mass 


no 


yes 


yes 


SNe II {H)'' 








normal 


yes 


yes 


no 


SNe II 








HNe 


yes 


no 


no 



[Sr/Ba]H = -0.31, [Sr/Fc]^. = 0.3. 



4 General discussion 

From the results reviewed above it appears that the 
whole chemical evolution in the "juvenile epoch" of the 
first ~ 10^ yr after the Big Bang, which was dominated 
by massive stars, may be explained by the concur- 
rent contributions of massive stars associated with low- 
mass and normal SNe II and HNe with a standard IMF 
and that this same relative contribution continues into 
the present epoch. It is possi ble that the mass range 
could go up to ~ 100 Mq (e.g.. lWooslev. Heger. fc Weaved 
I2OO2I '). The efforts to seek Pop III stars that only oc- 
cur in early epochs and then stop are considered by 
us to be invalid as were our earlier efforts to find a P- 
inventory in the ISM/IGM. It follows that models for 
the formation of the "first" stars, which has been the 
focus of intensive studies with due consideration of the 
complex condensation and cooling processes at zero to 
low metallici tics (e.g.^ jAbel. Brvan. fc NormanI [20021 : 
iBromm fc L arson 200J), should consider the stellar 
populations inferred here with HNe (~ 25-50 Mq, pos- 
sibly up to ^ 100 Mq) being the dominant metal source. 
It is possible that more massive stars may have oc- 
curred during the very early stages, but their contri- 
butions to the ISM/IGM are quite small at —5.5 < 
[Fe/H] < —3. HN explosions are highly disruptive and 
certainly can disperse debris through the IGM until 
halos of substantial mass have formed. The apparent 
sudden onset of heavy r-elements, which motivated our 
earlier search for a P-inventory, is most plausibly re- 
lated to the formation of halos of sufficient mass that 
remain bound following bo th SN II and HN explosions 
fc Wasserbur3l2004l ). We no longer consider our 
hypothesis of a P-inventory to be valid. It also follows 
that the earlier models of GCE that aimed to provide 
~ 1/3 of the solar Fe inventory by normal SNe II must 
now be subject to reinvestigation. The observational 
evidence for ongoing HNe in the current epoch cannot 
be ignored. 

There is further the fact that production of heavy 
(true) r-nuclei is strongly decoupled from Fe produc- 
tion. It is also worth noting that quantitative yields 
of the CPR elements have not been obtained. These 




2 « M I I I I I I I I I I 1" 

-1.5 -1 -0.5 0.5 1 

[La/Fe] 



Figure 6: (a) Similar to Figure HJa but with the L 
source being a blend of normal SNe II (L*) and 
HNe (i.e., L = L* -|-HNe). (b) Same as (a) but for 
[Y/Fe] vs. [La/Fe]. The L* yield ratios (Sr/Fe)^. 
and (Y/Fe)^* are higher than the corresponding 
L yield ratios in the two-component model as the 
latter ratios include the contributions from HNe 
producing Fe but no CPR elements. Note that 
there are no data points lying above the /fc,l* = 1 
curves (cL Figure [Hd). Only one data point lies 
below the /fc,l* ~ curve for [Y/Fe] vs. [La/Fe]. 
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issues and the true site of the r-process itself are not 
resolved and present a further challenge to future stel- 
lar models. Insofar as the proposed phenomenologi- 
cal three-component model is concerned, more high- 
resolution data on the CPR elements (e.g., Sr, Y, and 
Zr) and heavy r-elements (e.g., Ba and La) are needed 
to provide a stricter test. It is extremely important 
to obtain data for those stars that appear to represent 
mixtures of H and HN contributions only (/fc,l» — 0). 

With regard to the r-process, certainly the possi- 
bility that shocked surface layers of the core in low- 
mass SNe II may experience rapid expansion to enable 
the productio n of heavy r-elements must be investi- 
gated further l|Ning. Qian. fc Meve3 120071 ) . As there 
is only limited knowledge on the complex evolution 
of the progenitors of ~ 8-11 Mq for low-mass SNe II, 
more extensive and intensive studies of these stars are 
required. The problem of explaining the meteoritic 
data on ^^^I and ^^^Hf, which launched the investiga- 
tion into multiple r-processes, is s till not resolved. A s 
emphasized by K.-L. Kratz (e.g.. lOtt fc Krat j [2OO8I I . 
from the point of view of nuclear systematics, there is 
substantial difficulty in understanding a br eak in the 
prod uction between these two nuclei (but see lQian. Voeel. 



Il998l '). These and other issues discussed above provide 
ample stimulus for future studies of the r-process in 
particular and GCE in general. In the phenomeno- 
logical approach used by us, it is assumed that stars 
themselves have correctly calculated the yields of stel- 
lar nucleosynthesis. Theory is the important guide in 
illuminating the path to understanding. 
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